ercutaneous transluminal coronary angioplasty has been widely performed in cases of acute myocardial infarction (AMI) to minimize myocardial infarct size, a major determinant of left ventricular functional and morphological outcomes post infarction. Left ventricular volume, itself, is well recognized as the most powerful predictor of survival in patients with coronary heart disease. [1] [2] [3] Although reperfusion therapy has been shown to salvage jeopardized myocardium and improve left ventricular function in AMI patients, functional abnormalities of the coronary microvasculature may occur after recanalization of the culprit epicardial coronary artery, with events distal to the obstruction contributing to infarct pathophysiology as well. Recent clinical studies have suggested that microvascular dysfunction immediately after recanalization can predict myocardial viability, which relates to infarct size. 4-10 However, the microvascular status can be affected by several factors, especially in the acute phase of AMI, [11] [12] [13] with the time course of post anterior AMI microvasculature varying among patients. 8, 9, [14] [15] [16] Therefore, it is not well known how the microvascular status in the convalescent stage relates to myocardial viability and its effect on later ventricular function.
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Because myocardial damage would abolish the vasodilator capacity of the arterial bed supplying the infarcted myocardium, intracoronary Doppler measurement of coronary flow reserve (CFR) could differentiate patients in whom recovery of myocardial infarction was likely from those with irreversible injury. Accordingly, the purpose of this study was to measure the CFR at the convalescent stage (3 weeks post AMI) and evaluate the relationship between CFR and further myocardial functional and morphological outcomes.
Methods

Selection of Patients
The study group consisted of 37 patients with anterior AMI who were successfully treated with primary angioplasty of the proximal or mid portion of the left anterior descending coronary artery (LAD) within 12 h after symptom onset. The diagnosis of AMI was based on chest pain lasting >30 min, ST segment elevation of >0.2 mV in at least 2 contiguous ECG leads, and elevation of the serum creatine kinase concentration greater than three-fold the upper limit of the normal range. Patients who revealed >50% diameter stenosis in another coronary artery (multivessel disease), cardiac pump failure, mechanical complications (free wall, ventricular septal or papillary muscle rupture), and significant valvular heart disease were excluded. In addition, patients with culprit lesion stenosis of >30% at the time of CFR measurement and >50% during the 6 months follow-up were also excluded. Serial serum measurements of creatine kinase (CK) were measured every 3 h after revascularization until its peak value was obtained. All patients received conventional drug therapy according to individual need, which remained the responsibility of the attending physician. The study was approved by the Institutional Review Board and informed written consent was obtained from each patient or their family by one of the investigators prior to the procedure.
Angiography, Angioplasty, and Left Ventriculography
All patients received heparin (5,000 U) before the procedure. After Thrombolysis In Myocardial Infarction (TIMI) grade 0 or 1 of the proximal or mid LAD was confirmed by initial angiography, all patients underwent direct balloon angioplasty to salvage the myocardium. During the angioplasty, nitroglycerin or isosorbide dinitrate was administered as a vasodilator agent through an intravenous line, but specific drugs that would affect the microvasculature, such as human atrial natriuretic peptide or nicorandil, 17, 18 were not used in this study. Angioplasty was considered successful when the obstruction severity was reduced to <25% stenosis without either the slow or no-flow phenomenon.
Planned coronary angiography and left ventriculography were performed at pre-discharge (3 weeks after the onset), to minimize the confounding effects of myocardial stunning 19, 20 on the determination of final infarct size, and again at 6 months follow-up. The right anterior oblique 30°v
iews from left ventriculography were used for assessment of regional and global left ventricular function. Left ventriculography images on cine films were digitized by off-line computerized planimetry, and the end-diastolic and end-systolic endocardial borders were hand-traced in cine frames depicting maximal and minimal volumes. Left ventricular end-diastolic and end-systolic volumes (EDV, ESV), ejection fraction (EF), and regional wall motion index (RWMI), as well as quantitative coronary assessment, were calculated by commercially available software (QCA-CMS; Medical Imaging System Inc).
Analysis of Coronary Blood Flow Velocity Spectrum
Coronary flow measurement by Doppler guidewire (Flowire; Cardiometrics, Inc) was obtained at pre-discharge catheterization (range 18-27 days, mean 21 days, post AMI) in both branches of the left coronary artery: culprit (LAD) and non-culprit (left circumflex artery: LCX). The tip of a 0.014-inch Doppler guidewire was placed slightly distal to the culprit lesion of the LAD, where there was neither a significant stenosis nor a large side branch. After stabilized baseline flow velocities were obtained and recorded (FloMap; Cardiometrics, Inc), hyperemia was then induced using an adenosine infusion administered through a large-bore intravenous line (in the cephalic or femoral vein). Intravenous adenosine (0.15 mg· kg -1 ·min -1 ) was infused until the hyperemic flow response stabilized and reached a plateau lasting up to 20 s. The blood flow velocity at the plateau of the hyperemic response was recorded as the maximal hyperemic blood flow velocity. Baseline and hyperemic coronary blood flow in the LCX were also obtained to evaluate potential microvascular dysfunction in each individual. CFR was calculated as the ratio of time-averaged peak velocity (APV) at baseline to APV at peak hyperemia, and the relative CFR (rCFR) was the ratio of CFR in the LAD to that in the LCX. CFR of less than 2.0 was defined as abnormal, 4, 21 and patients were divided into 2 groups according to the CFR in the LAD: Group 1 with abnormal CFR (CFR <2) and Group 2 with normal CFR (CFR ≥2).
Statistical Analysis
All data are expressed as mean value ± SD. Categorical variables were analyzed by the chi-square test. Continuous variables were compared by using the Mann-Whitney U test. Correlation between peak CK, CFR, rCFR and %changes of left ventriculography parameter was analyzed by liner regression analysis. P value of less than 0.05 was considered statistically significant.
Results
The study sample consisted of 37 patients (31 men, 6 women; mean age 59.7 years, range 37-79) who met all inclusion criteria. Culprit lesions were proximal portion of the LAD in 26 patients, and mid portion in 11 patients. Five patients (14%) had diabetes mellitus, 12 patients (32%) had hypertension, 8 patients (22%) had hyperlipidemia, and 29 patients (78%) were current smokers. Overall, time interval from onset to successful reperfusion (TIMI 3) was 4.4±2.2 h, and peak serum CK concentration was 3,302± 2,451 IU/L.
Coronary Flow Velocity Spectra of Infarct-Related and Non-Infarct Related Arteries
Coronary flow velocity spectra, including CFR, were Table 1 . There was no significant difference in baseline characteristics, lesion distribution of the culprit site, time interval from onset to reperfusion, and peak CK concentrations between groups. By adenosine infusion, the average peak velocity (APV) increased significantly in both groups, and in both the LAD and LCX. Higher baseline APV in Group 1 (25.0± 12.3 cm/s vs 16.0±7.5 cm/s, p=0.02), rather than attenuated hyperemic APV (42.2±20.3 cm/s vs 47.7±21.9 cm/s, p= 0.45), was responsible in large part for the lower CFR compared with that in Group 2 (1.71±0.20 vs 3.07±0.73, p<0.001). Baseline/hyperemic APV and CFR in the LCX were similar in both groups, as a result, rCFR was significantly higher in Group 2 (0.70±0.29 vs 1.16±0.49, p<0.001) ( Table 2) .
Left Ventriculography and Its Changes
Left ventriculography was performed at pre-discharge and at 6 months follow-up (Table 3 ). There was no significant difference in % diameter stenosis of the culprit artery at the time of 6 months follow-up angiography (27.9± 10.6% vs 32.8±9.9%, p=0.26). Prescribed medications that could affect ventricular remodeling, including angiotensin converting enzyme inhibitor, blockers and Ca blockers, 22 were similar in both groups. Left ventricular parameters at pre-discharge and at 6 months follow-up are summarized in Table 3 . EDV, ESV, EF, and RWMI were similar in both groups at pre-discharge. Although the change in EF and RWMI were similar, the %changes of EDV tended to be higher in Group 1 than in Group 2 (11.8±21.6% vs -1.3± 14.4%, p=0.056), and %changes of ESV was significantly smaller in Group 2 (11.8±22.1% vs -8.7±25.1%, p=0.015).
There was no correlation between CFR or rCFR and EDV, ESV, EF and RWMI at the time of measurement. However, a significant correlation was observed between the %change of ESV and CFR (r=0.58, p<0.001) and rCFR (r=0.40, p=0.014). Peak CK concentration did not correlate with either %change of EDV or ESV (Fig 1) . 
Discussion
We directly measured coronary blood flow velocity in the convalescent stage in patients with a first anterior myocardial infarction and investigated the relationship of parameters derived from left ventriculography. Our major finding is that, even at the convalescent stage, approximately half of the patients showed abnormal CFR in the culprit artery, and the values of absolute and relative CFR were related to left ventricular volume after AMI, especially systolic volume. These results suggest that a favorable microvascular status in the convalescent stage after AMI may affect remote stage functional and morphological outcomes of the left ventricle.
Abnormalities of microvasculature after reperfusion therapy have been well documented in the clinical setting of AMI. Previous studies have demonstrated that the degree of microvascular damage correlates well with myocardial infarct size and further left ventricular function. [8] [9] [10] [23] [24] [25] However, it should be noted that microvasculature is severely impaired immediately after reperfusion, especially in the acute phase of AMI. In the acute phase, complex alterations of coronary microcirculation occur, including extra-and intracellular edema, platelet or thrombus plugging, and neutrophil adhesion. Furthermore, reperfusion therapy may result in microvascular reperfusion injury. 9, 16 Therefore, coronary flow parameters and CFR values might change over time 14 during the acute phase. To obtain a reliable analysis of microvascular integrity, we performed a Doppler study when it was considered that the microvascular convalescent stage had been reached. 16 In the present study, 17 of 37 patients (46%: Group 1) showed abnormal CFR in the culprit artery, even though the CFR was measured in the convalescent stage, and infarct-size and left ventricular function were similar to patients with normal CFR (54%: Group 2). Higher baseline APV, rather than attenuated hyperemic APV, was responsible for the lower CFR. Previous studies also reported that microvascular dysfunction typically related to an elevated baseline APV and increased microvascular resistance. 21, 26, 27 The high prevalence of low CFR in the present study suggests that residual or prolonged microvascular obstruction (eg, residual thrombus plugging, cellular adhesion and tissue edema) may reflect increased vascular resistance with a modified baseline flow velocity pattern. Thus preventing the full restoration of myocardial perfusion and/or vasodilator reserve limitation of the microvasculature may prevent full restoration of left ventricular function. 20 Because CFR might correlate with microvascular integrity and the extent of myocardial viability, 4 our data show that better CFR in the convalescent stage might translate into a better outcome after myocardial infarction.
It is interesting that the difference in the change in left ventricle parameters appeared mainly in the ESV, not the EDV or EF. EDV may change or dilate in the long run, but in the present study, there was no difference in the changes of EDV in either group at 6 months follow-up. Changes in EF also did not differ, probably because of adaptive mechanisms. 28 Because the size of the infarct and the left ventricular parameters at pre-discharge were similar in both groups, it was difficult to predict functional and morphological change using them. Left ventricular volume itself, especially the ESV, is the most powerful predictor of survival in patients with coronary heart disease. 1-3 Therefore, our data suggest an important clinical implication that patients with impaired CFR may have a worse outcome, even if the infarct-related artery remains patent and the infarct-size or left ventricular volumes in the convalescent stage are similar. We also measured the CFR in the LCX as an individual control, and calculated the relative CFR to exclude the effects of factors that globally modify the CFR in all coronary arteries (eg, diabetes mellitus, ventricular hypertrophy and hemodynamic status). 21 We found that absolute CFR, rather than relative CFR, correlated more strongly with changes in the ESV. Given that ventricular functional/morphological change might be affected by multiple factors, homogeneous distribution of global microcirculatory abnormalities may need to be taken into account.
Mazur et al demonstrated that the CFR predicted late myocardial contractile recovery with recent myocardial infarction. 5 Those authors measured CFR before angioplasty, therefore stenosis of the epicardial coronary artery might have affected the value of CFR. Teiger et al reported that CFR was associated with late ventricular contractile recovery with recent myocardial infarction; 25 they performed angioplasty in the chronic phase, and measured CFR immediately after angioplasty. Ueno et al reported that the CFR at 24 h after revascularization strongly predicted the myocardial contractile recovery. 29 They assessed 'in-hospital' myocardial recovery, so they may have assessed the combined effects of microvascular damage to the myocardium and spontaneous resolving of stunned myocardium. Our study included only patients with their first acute anterior myocardial infarction (because there is a possibility that the coronary flow pattern and CFR of the right coronary artery is different from that of the left coronary artery). Furthermore, all patients underwent angioplasty in the acute phase and did not have stenotic lesions in both culprit and non-culprit arteries at pre-discharge, when the CFR was measured, and patients who developed restenosis during the follow-up period were excluded. We also assessed the serial changes by comparing left ventriculography at pre-discharge and again at 6 months post AMI. Although some studies have suggested there is continued improvement from stunned myocardium over months, the majority of spontaneous recovery from stunning has been observed within 2 weeks post AMI, 20 therefore that time period was excluded in the design of the present study. Currently, it is possible to simultaneously assess left ventricular parameters and CFR non-invasively using transthoracic Doppler echocardiography. 29, 30 This type of assessment, which combines structural and functional parameters, seems especially useful in the treatment and long-term management of patients post AMI.
Study Limitations
Although our study was larger than previous studies, it is still limited by the sample size. Further study is needed to confirm our results. We did not measure CFR immediately after revascularization on the day of onset. Therefore, we had no way of deciding whether the impaired CFR, which was measured at pre-discharge, had deteriorated, maintained, or improved compared with its value in the acute phase. However, most studies have shown that the most striking abnormalities are found in the first few days of infarction and CFR would improve further within several weeks. 8, 16, 29 As such, we believe our data still demonstrate an important clinical implication that microvascular status after the drastic changes of the acute phase could relate to myocardial outcomes afterward.
